size from normolipidemic and hyperlipemic subjects with the exception that all fractions from the hyperlipemic subjects contained more R-serine and some, more arginine rich polypeptide. Even in the absence of chylomicrons, the distribution of soluble apoproteins in particles of diameters greater than 700-800 A was usually similar to that of the smallest particles. This suggests that the largest particles may include products of the partial catabolism of chylomicrons.
Distribution of the apoproteins was a function of particle diameter of very low density lipoprotein in fractions separated by gel permeation clhromatography and by density gradient ultracentrifugation. In fractions below 700-800 A, apolipoprotein B comprised an increasing percentage of the total protein with decreasing particle diameter. Among the soluble proteins the percentage of the arginine-rich and R-serine polypeptides increased and that of the R-glutamic polypeptide declined progressively with decreasing particle size. Apoprotein distribution was similar in fractions of similar particle Dr. Kane 
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INTRODUCTION
The protein moiety of very low density lipoproteins (VLDL)1 of human serum contains several discrete polypeptides. One of the predominant species, apolipoprotein B (apoB), which appears to be identical with the major apoprotein of low density lipoprotein (LDL) (1) , is insoluble in aqueous buffers after delipidation. Several water-soluble polypeptides denoted by their carboxyl termini as the "R-serine," "R-glutamic acid," and "R-alanine" species (2-4) and a major apoprotein, rich in arginine (5) have, together with a number of minor elements, been isolated by ion exchange chromatography. A physiological role, that of activation of lipoprotein lipase, has already been assigned to one of the apoprotein species of VLDL, the R-glutamic polypeptide (6) .
Until this time, only immunochemical techniques have been available for quantitation of some of the soluble apoproteins in VLDL. These techniques are subject to the criticism that immunoreactivity may be incomplete in both native and partially delipidated lipoproteins. This criticism also applies to the immunochemical determination of apoB. Measurement of apoB content by gel permeation chromatography (3) is complicated by poor resolution of apoB and the arginine-rich polypeptide, and gravimetric measurement (7) is too laborious for examination of large numbers of samples.
A method for determination of the content of apoB in LDL and VLDL using the denaturing solvent 1,1,3,3-tetramethylurea (TMU) has been described (8) . In this report we describe improved conditions for the determination of apoB and a practical technique for the quantitative determination of the major soluble apoproteins of VLDL. TMU rapidly and quantitatively delipidates serum lipoproteins (8) and provides the basis for determination of apoB content by selective precipitation. Under carefully controlled conditions the soluble apoproteins, after delipidation by TMU, migrate quantitatively within reproducible Rf zones upon electrophoresis in polyacrylamide gels. Conditions of staining and destaining have been found which provide linearity of photometric response over a wide range for all the major soluble apoproteins. Determination of the absolute chromogenicity of the purified apoproteins permits quantitation of each in the electrophoretic gels. The distribution of the major apoproteins is presented for whole human serum VLDL from normolipidemic subjects and for fractions of VLDL of different particle diameters.
METHODS

Materials
Reagents were as described previously (8) except that TMU was redistilled monthly in glass and stored under nitrogen in the dark at 3°C. TMU which is suitably purified has a pH of 6.0-7.0 when diluted fivefold wih water.
Amidoschwarz lOB, lot no. 0766421, was from the Allied Chemical Corp., Morristown, N. J. VLDL (d < 1.006) and LDL (1.024 < d < 1.050) were prepared from serum obtained from subjects who had fasted for at least 14 h by repetitive ultracentrifugation as described previously (8) . All lipoprotein solutions contained EDTA (1 mM) and sodium azide (0.2 mg/ml).
All normolipidemic donors were healthy students and hospital personnel between 20 and 60 yr of age, with serum levels of cholesterol and triglyceride below 250 and 140 mg/dl, respectively. To avoid preselection bias, blood was drawn for the preparation of whole VLDL and VLDL subfractions from putative normal donors without pretesting. Preparations from all subjects with serum lipid levels below the limits given above were then studied. Subjects with hyperlipemia were free of known causes of secondary hyperlipidemia or serious disease other than atherosclerotic vascular disease or gout. Serum was examined for chylomicrons after standing overnight at 3°C (9) and by electrophoresis in agarose gel (10). Samples containing detectible chylomicrons were excluded. Authentic polypeptide standards were prepared from VLDL separated from the serum of subjects with endogenous hyperlipemia (2-4, 8, 18) . Identity and purity of apoprotein standards was established by electrophoresis in the polyacrylamide gel system and by amino acid analysis. The purified apoproteins wvere quantitated as aminoacyl mass from the amino acid analysis after correction for tryptophan content using published values (5) .
Absolute chromogenicities were determined for at least three preparations of each major polypeptide species by using multiple points in the range of linear densitometric response. Ranges of linearity were established by analyses of both purified polypeptides and native lipoproteins in the gel system in dilution series of 20-fold or greater.
The identity of proteins in the bands separated from VLDL in the TMU-polyacrylamide gel system describeed above was determined in representative gels by analysis of the amino acid content of excised bands by the method of Houston (19) . When this teclhnique was applied, a-amimiobutyric acid was used in place of glycine in the electrophoresis buffer (the pKa of the aimiino group of a-amimobutvric acid is identical to that of glycine, and it can be resolved from glycinie in aminio acid analysis).
An additional protein band precediing R-alanine by the same initerval that separates the R,-alanine and R2-alanine bands is resolved by electrophoresis after delipidation with TMIU. To measure the contributioni of sialic acid to its charge, pIreparatiOns riclh in this band were incubated with Vibrio cholerae neuraminidase (20) (Calbiochem, San Diego, Calif.). VLDL containiing 1 mg of soluble apoprotein in 0.2 N sodium acetate buffer, pH 6.5, containing 0.004 'M CaCl2 and 5 Mug/ml chloramphenicol was incubated at 37°C with 20 U of the enzyme. Duplicate saniples were removed for gel electrophoresis after 3, 6, and 24 h.
Fractionation of VLDL on the basis of particle size GEL PERMEATION CIIROM ATOGRAPII Y VLDL were applied to a column of 2% agarose beads (21) and elutedI in 0.2 N NaCl containing 1 mMI EDTA and 0.02% sodium azidle at pH 7.0. After passage of the void volume, each succeeding group of five tubes was pooled.
Five such POOIS of 41 ml were each concentrated in an ultrafiltration cell (UM 2 or 10 memiibrane, Amicon Corp., Lexington, Mass.) for delipidation and electrophoresis.
DENSITY GRADIENT ULTRACENTRIFUGATION VLDL were subj ected to preliminary ultracentrifugation in a 40.3 rotor at 20,000 rpm and 12'C in a Beckman model 2-65B ultracentrifuge (Beckman Instruments, Inc., Spinco Div.) for 15 min to remove any floating denatured or aggregated material or chylomicrons. After removal of the top 0.5 ml, the density of the VLDL solution was increased to 1.065 and it was placed in A% X 31-inch thickwalled cellulose nitrate tubes (Beckman Instruments, Inc., Spinco Div.). The gradient was layered as described by Lindgren et al. (22) . The tubes were centrifuged at 35,000 rpm in a Beckman SW 41 rotor. Samples of 1 ml were removed from the top of the gradienit after 90 mIi (fraction I) and 210 min (fraction II). A final sample of 2.0 ml, fraction III, was removed after an additional 10 h of ultraceintrifugation.
Particle size was determined by electron microscopy. VLDL fractions were negatively stained with 2%o potassium phosphotungstate (23) and photographed at 20,000 X magnification. Diameters of 200 particles from each fraction were measured on the negatives by using an optical microcomparator (Nikon model 6C, Nippon Kogaku, Tokyo, Japan). Lipid composition of the whole VLDL and VLDL fractions was determined as described previously (21) . The distribution of each apoprotein species as a function of particle size was analyzed by the Kruskal-Wallis rank-sum test (24) .
RESULTS
Determination of apoB by precipitation with TMU: purity of the precipitate 98% of the total protein of LDL was insoluble in TMIU (SEM = 0.34, n = 5). Polypeptides with mobilities identical to those of the R-serine, R-glutamic, and R-alanine species in gel electrophoresis as described above account for virtually all the remaining protein.
By contrast, the protein of all density fractions of high density lipoproteins is essentially completely recovered in the TMU-water phase.
The amino acid compositions of the TMU-insoluble fractions of LDL and VLDL are shown in Table I , together with the composition of whole apo-VLDL. Because of variable recovery of cysteine and methionine in the presence of traces of TMU, these amino acids have been omitted from the comparison. The composition of the protein precipitated by TMU from VLDL resembles very closely that of the TMU precipitate from LDL prepared between densities 1.024 and 1.050 (which is assumed to be virtually pure apoB).
ApoB and the non-B protein of VLDL differ most in their content of histidine, glutamic acid, proline, alanine, isoleucine, and tyrosine. Contamination of the precipitate with non-B proteins would therefore cause the content of at least some of these amino acids to differ from apoB. The difference in the content of arginine of the two preparations is such that contamination of B protein by arginine-rich apoprotein in the precipitate cannot exceed 1.5%.
Completeness of recovery of the soluble apoproteins in 4.2 M TMU appears to be thermally dependent. Values for the whole TMU-soluble protein fraction are maximal in the region of 37°C and are 1-2% higher than those obtained at 23°C. This difference is wholly attributable to retention of arginine-rich polypeptide in the lipid-apoB pellicle at lower temperatures. The mean content of arginine-rich polypeptide in the pellicles from two VLDL preparations delipidated at 13°C was 29% of that present in the original lipoprotein sample, whereas only 2.8% remained insoluble at 23°C and only 0.3% at 30°C and above. Gel chromatography of the TMU-insoluble fraction from VLDL yielded a single peak of protein at the void volume corresponding to the behavior of apoB from LDL. Like apoB from LDL this fraction retained immunoprecipitability by anti-LDL serum despite the presence of decyl sulfate.
Quantitation of soluble apoproteins
Resolution and identification of the major apolipoproteins. In Fig. 1 the gel electrophoretogram of a typical preparation of normal serum VLDL is compared with electrophoretograms of pure samples of the major soluble apoproteins. The amino acid composition of the protein in the major band near the top of the running gel determined by the method of Houston (19) agrees well with that of pure R-serine. Fainter bands of additional incompletely characterized apoprotein species often precede and follow the R-serine band. With the i2-alanine peak as a reference, pure R-serine is restricted to the Rf zone of 0.08 to 0.21 with the buffer systems described above; hence, integration for R-serine area is carried out between these limits. Below R-serine the next major band, identified by its amino acid composition, is the arginine-rich polypeptide. in the third gel, Fig. 1 Within-run and between-run errors were partitioned out by analysis of variance. Between-run error was smaller in all cases except for Pa-alanine, in which it equalled within-run error. Absolute band absorbancies determined by rescanning gels after storage for 1 yr in the dark in the equilibration dye solution at 23°C were virtually identical with those of the original scans. With the exception of the partial conversion of nz-and R4-alanine to slowly migrating R-alanine species at 3°C (see below) no significant differences were found in recovery of the apoprotein species between samples frozen at -20°C and those held at 3°C for 3 days. Also, the gel patterns were unchanged by storage of VLDL at -20°C for at least 6 mo. No differences were observed in the distribution of apoproteins in VLDL from serum and from plasma (prepared with 6 mM EDTA) of individual donors, including that of a patient with primary dysbetalipoproteinemia whose VLDL contained approximately four times the normal amount of the arignine-rich apoprotein.
Recovery. The sum of the aminoacyl mass of the soluble apoproteins recovered in the six major bands in the gel system was compared in 20 consecutive preparations of VLDL from normolipidemic and hyperlipemic subjects with the TMU-soluble protein fraction deterinined directly on the VLDL. Mean recovery was 95.3% (±+1.3 SEM). No soluble apoproteins were detected when the protein-lipid residue, extracted with ethanol: ether and dispersed in 8 M urea, was subjected to electrophoresis in the gel system without TMU.
Apoprotein distribution in normal VLDL
Because chromogenicity factors are not available for most of the minor apoprotein elements and because the protein recovered in the six major bands accounts for over 95% of the total TMU-soluble apoprotein mass, the amount of each individual protein species is expressed as a percentage of the total of the aminoacyl Fig. 4 . Electron photomicrographs of the preparations are show\-n on the right and particle size frequiency distribtitions on the left. NLDL prepal-ed froml all normolipidenmic subjects emerged mainly in the last two fractions. In several of them there w-as insutfficienlt material for analysis in the first fraction or tw-o evsen thouglh the VLDL originally present in a unit of blood wvere applied to the column. Among the five hy\,perlipemic subjects two distinct patternis of distribution were observed. TwN-o stubjects had relatively small amounits of lipoprotein in the first two fractions xvhereas the otlher three had abundaInt miaterial in the region of the void voltime. How e-er, the particle sizes of the VLDL appearing in those fractions did not differ significanitly from those found in the corresponding fractions of the other twvo hyperlipemic subjects.
The distribution of the apolipoproteins in fractions obtained by gel permeation chromatograplhy of VLDL from the five hyperlipemic subjects is presented in Table IV. Content of apoB increased uniformly and progressively from 13.5%G to 44.0%O of total protein w-ith decreasing particle size from the void volume fraction (fraction 1) througlh to the smallest particles (fractioni 5). The percentage of the R-glutamic polypeptide fell progressively in all subjects between fraction 2 and fraction 5 (11.2 to 6.8c' ), but the meani percentage was lo\-er in fraction 1 than in fraction 2.
The percenitage of the argininie-riclh apoprotein also increased with decreasiing particle diameter (fraction 2 to fraction 5) buit it w-as appreciably higlher in the void volume fraction (fraction 1) than in fraction 2. Of the four samples of the void volume (fraction 1) which lswere sufficieint for analysis, three contained a higlher percentage of this apoprotein than that fotind in the succeeding fraction. These -were from the three subjects whose VLDL yielded a large amouint of material in the void volume fraction.
The distribution of apoproteins in fractions of VLDL from sevein normal donors separated on the same agarose coltimn as the VLDL from the hyperlipemic stubjects is show-n in Table V . The mean percentage of apoB in- creased steadily with increasing elution volume. The percentage of the R-glutamic polypeptide declined with higher percentage of apoB found especially in the last decreasing particle diameter (between fraction 2 and two fractions of the normal VLDL compared to those fraction 4) in all subjects although absolute percentages from the lipemic subjects may be attributable to a pre-varied substantially. In no fraction was the difference in ponderance of smaller particles. In no fraction was the content of this apoprotein between normal and hyperdifference in percentage of apoB between normal and lipemic VLDL significant. The percentage of argininehyperlipemic VLDL significant by t test. The mean rich apoprotein in fractions 2, 3, and 4 of VLDL from the hyperlipemic subjects exceeded that of the normolipidemic subjects (t test: P <0.1, <0.005, and <0.1, respectively). The mean content of R-serine increased from about 2.5% to around 6% with decreasing diameter in the normal VLDL. The percentage of R-serine was appreciably higher in all fractions of VLDL from the hyperlipemic subjects. With the exception of a single fraction in one subject, all the fractions from each hyperlipemic subject contained more R-serine than the mean of normals for that fraction. t test analysis yielded the following P values for the difference of R-serine in fractions 2 through 5, respectively: P < 0.005, < 0.005, < 0.2, and < 0.05. Rank-sum analysis showed the increases in the percentage of apoB in the total protein in gel chromatographic fractions 2 through 5 for normal VLDL to be highly significant (P < 0.005). The decline in the percent content of the R-glutamic species in the same fractions was also significant (P <0.05), but that for the increase in content of R-serine was not. The sample of fractions from the hyperlipemic subjects alone was too small for analysis by the rank-sum technique. Because the distribution of apoproteins was similar in fractions 2 through 5 in the hyperlipemic and normal subjects, these data were pooled for rank-sum analysis. The progressive increase in the content of apoB with decreasing particle size was highly significant (P < 0.005) as were the decrease in the percentages of the R-glutamic species and the increases in both the arginine-rich and R-serine polypeptides wvith decreasing mean particle diameters (P< 0.005 for all three).
A representative pattern of the particle size distribution obtained by density gradient ultracentrifugation is shown in Fig. 5 . The distribution of apoprotein species in these fractions is presented in Table VI . Again, percent content of apoB increased progressively with de- . Left: frequency distributions of particle diameters. Right: corresponding electron photomicrographs of preparations negatively stained with 2% potassium phosphotungstate (X 20,000).
creasing particle diameter (fraction I to fraction III). The percentage of soluble protein represented by the R-glutamic polypeptide fell and that of the arginine-rich apoprotein in the soluble protein fraction rose in stepwise fashion with decreasing particle size. Both the mean particle size and the apoprotein composition of the largest fraction obtained by density gradient ultracentrifugation suggest that the larger particles which eluted in the void volume fraction on gel permeation chromatography were excluded by the preliminary ultracentrifugation before the gradient separation was carried out.
The relative changes in the ratio of each of the four major TMU-soluble apoproteins to apoB in a representative preparation of VLDL from a hyperlipemic subject in fractions varying in mean particle diameter from 671 to 340 A is shown in Fig. 6 .
The content of all the soluble apoproteins relative to apoB fell with decreasing particle diameter, with the R-glutamic polypeptide falling most rapidly. However, content of the arginine-rich apoprotein fell at an appreciably different rate. The increase in the relative content of R-serine in the smallest particle fraction over that in the next larger particle size fraction as shown in this figure was observed in three of five samples from hyperlipemic subjects.
DISCUSSION
The methods presented here permit the quantitative determination of five major apoproteins in VLDL of human serum that account for slightly more than 97% of the total apoprotein of normal VLDL and of most specimens of VLDL from subjects with endogenous hyperlipemia. Under the modified conditions described above, 4 (19) . This combination of techniques holds promise for the identification of polymorphism among the apolipoproteins.
The quanititative measurement of apoprotein composition in this study establishes certain general characteristics of whole normal VLDL. WN ith the exception of the R-serine species all specimens contain all the major VLDL apoproteins. ApoB anid the R-alanine species comprise nearly 80% of the total protein mass. Although R-serine was one of the first soluble apoproteins to be purified (3), it is a relatively minor component of normal VLDL. By contrast, the arginine-rich apoprotein emerges as a major component of the soluble protein fraction.
The R4-alanine species resolved by TMU delipidation represents a previously unrecognized entity. Its electrophoretic mobility is compatible with an increment of one formal unit of charge over that of R3-alanine. WNhether the minor band with electrophoretic mobility characteristic of R2-alanine which remains after VLDL or pure R3-alanine has been subjected to hydrolysis by neuraminidase is due to incomplete desialation or instead reflects an additional variation in charge such as a desamido species is indeterminate. Quanititative measuremenit of the sialic acid content of purified R--alanine will be required to establish the basis of its increased mobility. The Ra-alanine apolipoprotein has been found in virtually all specimens of freshly prepared normal VLDL. Its absence in previous studies of VLDL apoproteins is probably due to the rate of its spontaneous disappearance relative to the time required for delipidation by techniques previously in use. Appreciable conversion to slower migrating species may also occur during ultracentrifugal preparation of VLDL.
Apoprotein composition changes systematically with diameter in particles below 700-800 A. Content of apoB increases uniformly with decreasing particle diameter in normolipidemic and hyperlipemic subjects alike, in agreement with the observations of Eisenberg et al. (27) in hyperlipemic subjects. Systematic changes also occur in the composition of the soluble protein fraction. In both normolipidemic and hyperlipemic subjects, content of the R-glutamic apoprotein falls and that of the arginine-rich apoprotein increases with decreasing particle diameter, whereas content of R-serine appears to increase only in normolipidemic subjects. Also, content of R-serine appears to be lower for all particle sizes of VLDL in normolipidemic subjects. These observations indicate the importance of careful evaluation of particle diameter in the interpretation of (28, 29) . If the progressive changes observed with decreasing particle diameter below 700 A represent the continuing process of catabolism of VLDL, it is evident the soluble apoprotein species dissociate from the complex at individually characteristic rates.
